Following the growing demand for high-efficient energy storage systems, high-current-density supercapacitor devices are needed; however, their development is still a challenge. An electrode material with high electronic conductivity and abundant ion channels is an important area of research. Herein, hierarchical lily-like Co 3 O 4 nanostructures constituted using nanowires with a large L/D ratio on Ni foam were in situ synthesized using a simple solvent-thermal method and subsequent sintering treatment. The as-prepared Co 3 O 4 precursor was composed of nanowires with a $50 nm average diameter and $70 L/D ratio. The product morphology was well maintained after thermal treatment, and the product was transformed to cubic Co 3 O 4 during this process. Co 3 O 4 /Ni exhibited excellent rate capability and cycling performance, which showed a specific capacitance of 1600 F g À1 even at a relatively high 10 A g À1 current density that barely declined after 5000 cycles. Furthermore, the assembled asymmetric supercapacitor device using the as-prepared Co 3 O 4 /Ni and activated carbon showed a high specific capacitance at a high current density (108.1 F g À1 at a current density of 0.5 A g
Introduction
Following the over-exploitation of fossil fuels with rapid economic development, energy crisis is becoming increasingly serious.
1 Therefore, clean sustainable energy or high-efficiency energy storage/conversion system is urgent to be developed in order to improve the energy utilization efficiency.
2-4 For example, following the pressing demand for mobile devices and electro mobiles with fast-charge and high energy storage properties, there is an urgency to develop a high-efficiency electrochemical storage device. 1, 2, 5 To date, lithium/sodium ion batteries, lithium-sulfur batteries, supercapacitors and so on, have received considerable attention. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Among them, supercapacitors possess unique advantages of fast charge/discharge, environment friendliness and a long lifetime. 5 Signicant efforts have been devoted in developing high-energy-density, long cycling life supercapacitors. 22 Compared with electric double-layer capacitors, pseudocapacitors exhibit higher specic capacitance due to fast redox reactions on the surface of electrode materials. 22, 23 However, the cycling life and rate performance of the pseudocapacitors is unsatisfactory. 22 To meet the urgent demand in high-efficiency electrical equipment, improving the long-term cycling life and excellent rate performance of supercapacitors is imperative. The electrode material is the key part of a supercapacitor device and has a decisive effect on the supercapacitor performance. 5 Therefore, much effort has been made on the design and exploitation of electrode materials with higher specic capacitance and long cycling life.
2,22-24
However, a high-current-density supercapacitor device is needed to be developed, which is still a challenge.
22
The ideal electrode material for a supercapacitor probably possesses the properties of high electronic conductivity and abundant ion channels. 31 are considered as important candidate electrode materials in supercapacitors due to their high specic capacitance. However, inferior electronic conductivity of metal oxides greatly hinders electron transport and thus weakens the rate and cycling performance of supercapacitors. Therefore, compositing the conductive material (e.g. metal or carbon materials) with these electrode materials is probably an effective approach to overcome this problem. 24, 39, 40 Nickel foam possesses ne electronic conductivity and ductility, which can be considered as an ideal supporter in electrochemical power sources.
41
The size and morphology of electrode materials greatly determine the exposed active surface, which show a signi-cant effect on the electrochemical behavior of the supercapacitor device.
2 A large specic surface area can accelerate surface redox reactions and enhance the contact between the active material and electrolyte. By decreasing the size, the electrode materials can expose more active surface, thus enhancing the specic surface area and shortening the ion channel, to nally improve the electrochemical performance. The morphology of electrode materials is also an important factor that inuences electrochemical behavior. Due to the unique structure and high number of exposed active sites, one-dimensional nanostructures (e.g. nanowires, nanorods, nanotubes) have been devoted large attention in catalysis and energy storage/conversion elds. For example, carbon nanotubes, Co 3 O 4 nanorods, MnO 2 nanotubes, and so on have been applied in the electrode material of lithium ion batteries or supercapacitors.
42-47
As mentioned previously, electrode materials with high specic capacitance and long term cycling for high performance supercapacitors should be equipped with high specic area and excellent electronic conductivity. Therefore, constructing the composite nanostructure of onedimensional metal oxide with a conductive metal support is probably an effective approach to design an advanced supercapacitor device. For example, one-dimensional Co 3 O 4 nanostructures showed preferable electrochemical properties in previous studies. [48] [49] [50] [51] [52] To date, large attention has been drawn towards using different methods for the synthesis of one dimensional Co 3 O 4 nanostructures with excellent electrochemical properties (e.g. hydro-thermal method).
53,54
However, high-current-density supercapacitor devices based on cobalt-based materials are rarely reported and remain a current challenge.
In this study, hierarchical lily-like Co 3 O 4 microowers on Ni foam, which are assembled using nanowires, were fabricated via a simple solvent-thermal method and subsequent sintering treatment. Systematic characterizations were conducted to understand the formation mechanism and electrochemical behavior of the as-prepared product. The electrochemical performance (specic capacitance, long cycling life, energy density, power density) were evaluated in three-electrode and two-electrode systems assembled using the as-prepared Co 3 
Instrument and characterization
To realize the physical and chemical properties of the Co 3 O 4 sample, some characterizations were carried out. The morphology of product was checked with a Zeiss Merlin Compact eld emission scanning electron microscope (FESEM) equipped with an energy-dispersive X-ray spectroscopy (EDX) system. The microstructure and composition of the as-prepared Co 3 O 4 sample were detected via transmission electron microscopy (TEM, JEOL, JEM-2100) and highresolution TEM (HR-TEM, JEOL JEM-2010F). We examined the phase via X-ray diffraction (XRD) on a Bruker D8 Advance X-ray powder diffractometer using Cu-Ka irradiation at a scan rate of 4 min À1 .
Electrochemical properties measurement
All the electrochemical measurements were carried out using a galvanostatic charge/discharge tester (CT2001A) and electrochemical workstation (CHI 660E) in both standard threeelectrode mode and two-electrode mode. For the twoelectrode mode, the working electrode was the as-prepared Co 3 O 4 product on Ni foam, and the counter electrode was activated carbon (AC) on Ni foam (in which the active carbon, acetylene black, polyvinylidene uoride (PVDF) with an 8 : 1 : 1 mass ratio). The working electrode and counter electrode can be separated with a piece of nonwoven separator in 1 M KOH solution. For the three-electrode mode, the reference electrode was a Hg/HgO electrode, and the other conditions (for example, working electrode and electrolyte) were similar to the two-electrode mode. Furthermore, the specic capacitance (C), energy density (E) and power density (P) could be calculated from the charge/discharge curve as follows:
where I represents constant discharge current, Dt represents discharge time, m represents the mass of active material, and DV represents width of the potential widow.
The electrochemical impedance spectroscopy (EIS) data were recorded using a CHI660E electrochemical workstation (Chenhua, Shanghai, China) in the 0.01 Hz and 100 kHz frequency range. In addition, the commercial red light-emitting diodes (LEDs) as a load model were lightened by connecting two Co 3 O 4 / Ni//AC supercapacitor devices in series, which were charged at a current density of 5 A g À1 .
Results and discussion

Synthesis and characterization
The Co 3 O 4 product was fabricated through sintering treatment of the as-prepared precursor (Co-precursor), which was prepared via a simple solvent-thermal method. Fig. 1 shows the SEM images of the as-prepared Co-precursor and Co 3 O 4 product under different magnications. Shown from Fig. 1a , the obtained Co-precursor has lily-like nanostructures composed of one-dimensional nanowires. The petal was assembled using nanowires with different length/diameter (L/D) ratios, and some nanowires even would be curved due to the large L/D ratio. Aer calculation, the L/D ratio of the petal was about $70. The pistil was assembled using shorter nanorods. From the high-resolution SEM image in Fig. 1b , the diameter of nanowire or nanorod was about $50 nm. Aer thermal treatment, the morphology of product was well maintained from the precursor, except that the nanowire changed from smooth to rough. The one-dimensional nanowires could be observed to consist of nanoparticles based on highresolution SEM imaging of the Co 3 O 4 product, which is shown in Fig. 1d . The rough one-dimensional nanowires, which appeared like a necklace, probably possessed a high exposure to surface and sites, which facilitated the electron transfer.
XRD characterization can give us the phase information of a sample. Fig. 2a shows XRD spectra of the as-prepared precursor and Co 3 O 4 product. The peak of Ni foam is evident from the XRD spectra of the as-prepared precursor and Co 3 O 4 . However, other XRD peaks of as-prepared precursor cannot be indexed, which is probably due to the precursor being a complex. We further measured the FT-IR spectrum and the energy dispersive spectrum (EDS) to understand the composition of the as-prepared precursor, and the results are shown in Fig. S1 and S2 . † Combining the analysis of FT-IR spectrum and EDS spectrum, the precursor was proposed to be a Co complex containing the Co, O, C elements, at least due to the coordination role between cobalt ion and organic components. Aer thermal treatment, apart from the signal of Ni foam, the peak (37 ) of the XRD spectrum of the Co 3 O 4 product was well indexed with the cubic Co 3 O 4 (JCPDS 00-009-0418) from the inset spectrum, indicating the purity of the Co 3 O 4 sample. In addition, the existence of the cobalt element was directly veried by the EDS spectrum, as shown in Fig. 2b . For further understanding the microstructure of the as-prepared product, TEM analysis was also conducted. From the TEM image of Co 3 O 4 microstructures in Fig. 2c , the diameter of nanowire was found to be about $50 nm, and they were composed of nanoparticles. The lattice distance calculated from HRTEM image in Fig. 2d For further understanding the formation mechanism of lilylike Co 3 O 4 nanostructures, the effect of dosage of the cobalt salt on product was investigated and the corresponding SEM images are shown in Fig. 3 . Shown in Fig. 3 , when the dosage of cobalt salt was low (1 and 2 mmol), the morphology of product was shorter nanorods. As the cobalt salt dosage was increased, the nanorods gradually elongated. When the dosage of cobalt salt was increased to 4 mmol, the morphology of the product was nanowires. When the dosage of cobalt salt was increased to 5 mmol, the L/D ratio increased and even become curved. Threedimensional hierarchical nanostructures gradually formed on further addition of the cobalt salt. The proposed formation mechanism of lily-like Co 3 O 4 nanostructures is shown in Scheme 1. In the reaction process, the Co ions can be absorbed on the surface of Ni foam and can be transformed to one-dimensional complex Co compound nanorods in the presence of urea. Following the reaction, the nanorods enlarged and assembled into three-dimensional lily-like Co 3 O 4 nanostructures.
Electrochemical performance
The electrochemical properties of the as-prepared Co 3 O 4 /Ni product, as a supercapacitor electrode material, were evaluated in three-and two-electrode systems. Fig. 4 demonstrates the cyclic voltammetry (CV) curves tested at different scan rates and charge-discharge performance of as-prepared product in the three-electrode system. From the cyclic voltammetry (CV) curves of Co 3 O 4 /Ni at different scan rates with 1 M KOH electrolyte at a potential sweep window 0-0.6 V (Fig. 4a) , redox peaks can be clearly observed, indicating pseudocapacitive behavior of cobalt oxides due to the redox reaction between Co 2+ and Co 3+ . Fig. 4b exhibits CV curves of sample aer 2000 cycles, which are similar to the original CV curves, indicating the cyclic stability of asprepared Co 3 O 4 electrode. Fig. 4c displays the chargedischarge curves and Fig. 4d shows the rate capability of asprepared Co 3 O 4 /Ni. The discharge time at the current densities of 0. of 0.5, 1, 2, 5 and 10 A g À1 , respectively, indicating excellent discharge performance at a high current density. This excellent rate capability demonstrated superior discharge performance at high current density, which has potential application in commercial supercapacitors. In addition, the specic capacitance barely declined aer 5000 cycles at a current density of 10 A g À1 (Fig. 4e) . Compared with those in previous studies (Table 1) , the specic capacitance and cycling performance at high current density is notably improved.
48-52,55-57
The asymmetric supercapacitor device was further assembled with the as-prepared Co 3 O 4 /Ni and active carbon (Co 3 O 4 / Ni//AC). The electrochemical performance was evaluated and the results are shown in Fig. 5 . The cyclic voltammetric (CV) curves of Fig. 5a were tested at a scan rate of 2-100 mV s À1 with 1 M KOH electrolyte at a potential sweep window of 0-1.6 V. The shape of curves is deviated from the ideal rectangular voltammogram due to the pseudocapacitive behavior of cobalt oxides. Based on that, pure Ni foam has little contribution to the capacitance, and the pseudocapacitive behavior is attributed to the as-prepared cobalt oxides. Fig. 5b and c We further conducted electrochemical impedance spectroscopy (EIS) measurement and the result is shown in Fig. 6a , where the impedance of Co 3 O 4 /Ni decreased evidently. In addition, the relationship between energy density (E) and power density (P) is represented in Fig. 6b . As is known, Co 3 O 4 /Ni//AC supercapacitor device density of 1973 W kg À1 also can be as a Note: C t represents the specic capacitance in a three-electrode mode, E d represents the energy density in a two-electrode mode. high as 34 W h kg À1 , which displays a maximum energy density of 38 W h kg À1 at a power density of 100 W kg
À1
. Importantly, the energy density at a power conrmed the excellent rate capability of the Co 3 O 4 /Ni//AC supercapacitor device. Importantly, the power density could be as high as 10 060 W kg À1 .
These results demonstrated excellent electrochemical energy storage performance of Co 3 O 4 /Ni electrode material and indicated commercial high-current supercapacitor device potential due to the superior rate capability. Therefore, this outstanding performance of the as-prepared binder-free Co 3 O 4 electrode material is proposed to be attributed to good electronic conductivity resulting from the Ni substrate and abundant ion channels resulting from the one-dimensional structure. Moreover, practical application was evaluated through choosing the commercial light-emitting diodes (LEDs) as a load model by connecting two Co 3 O 4 /Ni//AC supercapacitor devices in series, and the results are shown in Fig. 6c . Aer a successful series connection, the LED was lit (0 min) compared with the unconnected state (original), and then the brightness gradually descended following the connection (6 min, 10 min, 30 min). Aer 60 min, the LED brightness was weak but still visible, and this state could be maintained for another 90 min. The entire continuous brightness change of LED is presented in Fig. S3 . †
Conclusion
In conclusion, using a simple solvent-thermal method and subsequent sintering treatment, lily-like Ni//AC device presented an excellent performance over a Co 3 O 4 powder device due to the benign electronic conductivity resulting from the Ni substrate and abundant ion transport channels resulting from the one-dimensional structure. These results demonstrated the excellent electrochemical energy storage performance of the Co 3 O 4 /Ni electrode material and indicated it to be a commercial high-current supercapacitor device due to its superior rate capability.
